Phylogenetics is frequently used for studies of population-based HIV transmission. The purpose of this review is to highlight the current utilities and limitations of phylogenetics in HIV epidemiological research from sample collection through to data analysis.
INTRODUCTION
One of the defining features of HIV is its ability to rapidly evolve and persist within individuals despite continued pressure from the cellular and humoral host immune responses [1] . This struggle between virus and human has resulted in one of the most genetically diverse pandemics in recorded history [2] . The diversity of HIV has been undoubtedly critical to its persistence and spread throughout the world; however, recent developments in genetic sequencing technologies, computational methodologies, and statistics are providing researchers with new tools to utilize viral diversity to combat the global HIV pandemic. Guided by population genetics and epidemiological principles [3] , scientists are using viral phylogenetics to improve our understanding of HIV diversity within individuals and populations, generating an unprecedented knowledge of viral dynamics to improve strategies of HIV prevention and treatment of HIV-infected persons [4 & ]. This review examines the application of viral phylogenetics to HIV epidemiological research, with a focus on selected theoretical and practical considerations in phylogenetic studies of HIV transmission.
the highest probability of viral transmission occurring in the earlier and later stages of disease [5] . In an analysis of HIV envelope sequences obtained from the serum and vaginal secretions of 12 women in a Kenyan cohort, Kemal et al. [6] found phylogenetically related but distinct viral subpopulations within the blood and genital tract. Similarly, Boeras et al. [7] found distinct, although genetically diverse, viral populations in the genital tract in chronically infected individuals in HIV serodiscordant relationships, but also showed that only a subset of these genital tract viruses are transmitted to sexual partners. This study and others of heterosexual (HET) HIV transmission further suggested that certain genital tract viruses are preferentially transmitted to sexual partners [8, 9] , and that these newly acquired 'founder' viruses may be selectively sequestered in the genital tract of HIV-infected individuals for subsequent transmission [7, 10, 11] .
The extent to which intra-host HIV evolutionary processes affect inference from viral phylogenies is unknown. Volz et al. [12] argued that intra-host selection process have limited impact on inferences from viral phylogenies for three reasons: there is a viral bottleneck at the time of transmission, most infections are transmitted during the early stages of infection, and transmission of virus is independent of viral factors. Although there is strong evidence to support a transmission bottleneck during HET intercourse, studies suggest high multiplicity of HIV infection in MSM and IDU-associated transmissions [13, 14] . The role of early stage transmission in HIV epidemics is widely debated [15] , but intra-host HIV evolution occurs within only weeks following acquisition and the onset of the adaptive immunologic responses [16] . Phylogenetic studies of HIV epidemics in MSM have suggested that early infection sustains MSM epidemics [17,18 && ,19]; however, this early period may not have as substantial a role in IDU or HET epidemics [20] . Lastly, given recent data supporting the preferential transmission of HIV and association of viral factors with established viral infection [9, 11, 21] , it seems unlikely that the last of the three arguments would hold for HIV phylogenies.
VIRAL SEQUENCING TECHNOLOGIES
Once HIV has been isolated from the blood or other body fluids and then amplified through a single or series of polymerase chain reactions, a viral sequence(s) can be obtained from the resulting viral amplicon. HIV sequencing methodologies include direct Sanger sequencing [22] , single genome amplification or cloning (SGA/cloning) [23] , and next-generation sequencing (NGS) [24] . The preponderance of historical sequences currently available in large HIV sequence databases (that is Los Alamos HIV database) were generated using Sanger sequencing of a single gene region. Sanger sequencing results is a single consensus sequence, or bulk sequence, from the post-PCR viral amplicon in which each base in the sequence is the most frequent base at that position across all unique sequences within the amplicon [22] . In contrast, SGA/cloning and NGS yield multiple distinct viral sequences, which allows one to quantify and examine viral diversity within samples. The level of viral diversity that can be measured is directly related to the genetic length and depth of sequencing that is obtained [25] . In the case of SGS/cloning, this is usually done at a level of a few up to multiple dozens of longer sequences from one sample. NGS sequencing strategies are significantly more robust compared with SGA and can generate tens of thousands of shorter sequences from a single sample. However, certain NGS technologies can be error-prone within homopolymer stretches of DNA [26] , and one of the major challenges in using NGS has been to distinguish systematic and random technical error from true viral diversity [27] [28] [29] . Because of these inherent limitations, as well as differences in cost and ease of data analysis, these strategies have different applications ( Table 1) .
One aspect of HIV virology that is particularly important for consideration in sequencing studies of concentrated HIV epidemics, where partner turnover is more frequent and hence lifetime partner numbers higher, is viral coinfection or superinfection with multiple genetically distinct HIV viruses (reviewed by Redd et al. [30] ). When individuals are infected with multiple viruses either at the time of
KEY POINTS
When using phylogenetics to analyze HIV epidemiological phenomenon, including transmission network structure or transmission dynamics, it is essential that potential measurement and sampling biases are considered in the interpretation of study results.
HIV sequencing technology is rapidly changing, and it is critical to understand the advantages and limitations of the different sequencing technologies available prior to performing phylogenetic studies.
There is no consensus on phylogenetic criteria that should be used to establish a putative transmission cluster in population-based studies of HIV transmission networks. Appropriate phylogenetic criteria may depend on the underlying epidemiological and evolutionary dynamics in a given research setting.
initial infection or later, a bulk sequence will not adequately represent all viruses that an individual has acquired or possibly transmitted [31 & ,32] . In these instances, SGA and NGS methods can provide a more detailed depiction of intra-host HIV diversity [33, 34] . Phylogenies reconstructed from bulk sequences may be subject to greater bias with increasing prevalence of HIV coinfection within a population, although this area remains understudied in phylogenetics.
RECONSTRUCTING A PHYLOGENETIC TREE
HIV phylogenies are evolutionary trees in which the leaves of the tree are the sampled sequences or taxa, branches are the genetic distance between taxa, and the nodes denote estimated speciation events [35] . Reconstruction of HIV phylogenies can be accomplished through a variety of methodological approaches including neighbor joining, maximum likelihood, and Bayesian methods. These approaches and their strengths and limitations are reviewed in detail by Yang [36] . Briefly, neighborjoining methods employ a hierarchical cluster algorithm wherein aligned sequences are grouped together based on their genetic similarity [37, 38] . The neighbor-joining algorithm is the most computationally efficient of tree reconstruction approaches in part because the clustering algorithm does not need to search the full tree space, which can be extremely large for datasets with many taxa. Maximum likelihood and Bayesian approaches are relatively more complex because the searched treespace is often more extensive, and users are required a priori to specify model assumptions, including a model of HIV evolution [35] . Despite more limited computational efficiency, maximum likelihood and NGS produces sequence reads that are consolidated to form consensus sequences, which can total 1-500 þ depending on sequencing efficiency.
Bayesian approaches remain popular because userdefined evolutionary models can result in more accurate phylogenetic trees when correctly specified, assumptions are explicit, and model specification is flexible [36] . Software has been developed to help analysts determine which evolutionary model is the best for their dataset [39, 40] . In a maximum likelihood analysis, the phylogenetic tree that maximizes the likelihood among all possible trees given the sequence data is the maximum likelihood, or best phylogenetic tree [41] . In comparison, posterior probabilities are estimated in Bayesian analyses, wherein the posterior is a function of the prior probability of the tree and the tree likelihood [35] . Interpretation of Bayesian posterior probabilities are more straightforward than bootstrap values in maximum likelihood analyses; however, node confidence can be higher than expected using Bayesian approaches [42, 43] . Formal comparison between Bayesian posterior probabilities and maximum likelihood bootstrap values reveals that posterior probabilities are almost always higher than corresponding bootstrap values [42, 43] . Thus, comparisons of clade support or phylogenetic criteria incorporating clade support values (i.e., definitions of HIV transmission clusters) across maximum likelihood and Bayesian analyses should be made with caution.
Bayesian trees were first constructed using a molecular clock assuming a constant rate of evolution across tree branches [36] . This assumption was then relaxed to allow for rate variation across viral linages and for clock-free analyses [44] . MrBayes and BEAST are two software packages frequently used in Bayesian phylogenetics [45, 46] , although the latter of these packages is preferred for the estimation of time-scaled HIV phylogenies. Both packages utilize Markov Chain Monte Carlo algorithms [47, 48] . The BEAST software is often used for HIV phylodynamic studies, including the estimation of temporal and geographical epidemic dynamics [46] . Critical to the validity of phylodynamic studies is representative sampling over the space and time for which inference is to be made [49, 50] . A detailed review of viral phylodynamics and its applications can be found elsewhere [18 && ].
VIRAL LINKAGE ANALYSES
Viral linkage is the process of using viral sequence data and phylogenetics to determine the connectivity of HIV transmission in groups of individuals that have an underlying epidemiological linkage, and one of the members is presumed to be the source of HIV infection to the other member(s) such as concordant HIV-positive couples, known sexual partners, or needle-sharing groups [31 & , [51] [52] [53] . The objective of linkage analysis is to confirm or rule out a specific sexual partner or contact as the infection source; therefore, the criteria used to establish phylogenetic associations should be conservative, with an emphasis on excluding (specificity) rather than confirming (sensitivity) infection sources.
Viral linkage analysis was recently applied in two large HIV clinical trials of acyclovir [Partners in Prevention (PIP)] and HIV antiretroviral therapy (HPTN-052) for HIV prevention among HIV serodiscordant couples [31 & ,53] . Criteria for determining whether transmission occurred from the index HIV-positive to the initially HIV-negative partner differed but were highly conservative in both studies. Strict criteria were used so that viral sources of infection were not erroneously attributed to the index HIV-infected partner and the benefits of the interventions overestimated. In the PIP study, a newly HIV-seroconcordant couple (n¼151) was considered virologically linked if gag and/or env sequences formed a monophyletic cluster in a maximum likelihood tree and the genetic distance between partner viruses exceeded a probability threshold (50%) using a Bayesian algorithm that was developed by the study investigators. Using these methods, the PIP investigators estimated that 26.5% of newly acquired infections were obtained from sources other than the known index HIV-infected partner.
To determine viral linkage of 38 newly HIV seroconcordant couples in HPTN-052 clinical trial, Eshleman et al. [31 & ] also used a similar approach to that applied in the PIP study although they analyzed the pol gene and performed 454 pyrosequencing of the gp41 on all couples that could not be initially linked using consensus sequences. In comparison, the investigators found 18.4% of newly HIV-concordant couples in HPTN-052 were virologically unlinked. The difference between these two rates of linkage may in part be due to the fact that the PIP study had four times as many transmitting couples.
PHYLOGENETIC ANALYSIS OF HIV TRANSMISSION NETWORKS
One of the fasting growing applications of HIV phylogenetics is to the study of population-based patterns of HIV transmission. In comparison with viral linkage analyses, the unit of analysis in these studies is the transmission network wherein direct and indirect phylogenetic links between individuals are both of primary interest. In the absence of a fully sampled transmission network and detailed contact histories, direct linkage between two individuals in a phylogenetic tree is not possible [54] . Instead, phylogenetics is used to identify groups of persons who share an HIV transmission chain with unknown directionality and contact structure. Identified chains may then be characterized to inform HIV prevention efforts. Epidemic trajectories and key transmission parameters (reproductive number and generation times [55] ) also inform HIV control, and these too can be estimated using phylogenetic methods.
Broadly speaking, individuals whose viral sequences are closely related because they have low genetic distance and share a most recent common ancestor constitute a phylogenetic cluster, or putative, recent HIV transmission chain. Definitions of phylogenetic clusters vary widely in the HIV literature, although many studies use both clade support and genetic distance cutoffs ( Table 2) [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] . Rationale for cutoffs is rarely provided; however, these decisions may affect study inferences. For example, Robinson et al. [76] simulated HIV spread and pathogen phylogenies on two different network topologies and showed that cutoffs choices affect the size and distribution of phylogenetic clusters obtained.
The relationship between phylogenetic tree topologies and the structure of the underlying contact network on which those topologies are generated is an ongoing and critical area in HIV phylogenetic research. Interpretation of phylogenetic cluster distribution as indicators of contact network phenomena is complicated, in part because of the absence of meaningful statistical comparisons between empirical and null cluster distributions. More recently, tree balance statistics have been developed and used to compare phylogenetic clustering patterns against null contact models of random mixing [77] . However, Robinson et al. [76] found that cluster distributions and tree balance statistics revealed little of the global network structure from simulation, particularly when networks were dynamic. Frost and Volz [78] reached similar conclusions, showing tree shape rarely corresponded to population structure. While determining global network structure from HIV phylogenies may be challenging, identifying individuals with related HIV viruses can be done readily from phylogenies and is often very informative. When combined with detailed epidemiological and clinical data, phylogenetic analyses can reveal information of public health relevance including transmission of drug-resistant virus and mixing across transmission, demographic, and behavioral subgroups [4 & ]. Most population-based HIV phylogenetic studies have been conducted outside of Africa, where viral transmission is typically concentrated within high-risk populations such as commercial sex workers, MSM, and IDUs [79] . Lewis et al. [17] analyzed over 14000 viral pol sequences collected from approximately 60% of HIV-infected MSM in Great Britain. Using dated HIV phylogenies, the investigators found that a substantial fraction of MSM who phylogenetically clustered did so within large groups (10 persons) and over short-time periods. In a more recent analysis of this same data but using different methodological approaches, Volz et al. [18 && ] confirmed the importance of early HIV infection in the United Kingdom MSM epidemic, and investigations of other MSM epidemics have yielded similar results [19] . However, varying definitions of what constitutes early infection make conclusions regarding its role in concentrated epidemics difficult from phylogenetics alone [5, 80] .
The study of population-based HIV transmission patterns using phylogenetics is also complicated by often biased and or incomplete sampling of transmission networks. Sequences are often obtained through convenience or clinic-based recruitment of participants, and sampling fractions of the target network are rarely known or specified (Table 2) . Moreover, HIV transmission networks are usually under sampled: the proportion of sequences that phylogenetically cluster rarely exceed 30% [4 & ].
Although limited clustering may reflect inadequate sampling of target networks or some loss of tree resolution with intra-host viral evolution, high numbers of singleton lineages may also indicate important epidemiologic phenomenon driving HIV transmission in populations, such as viral introductions via migration or shorter term travel [81] .
CONCLUSION
Phylogenetics is a growing and exciting field in the HIV prevention sciences. Like all sciences, phylogenetics has limitations and when used for epidemiological purposes, it is subject to many of the same measurement and sampling biases of traditional epidemiological study designs. From a public health standpoint, HIV phylogenetics is most powerful when combined with detailed clinical and epidemiological data, in which case HIV phylogenies can reveal critical information relevant to disease control, including transmission of drug-resistant virus, associations between socio-demographic characteristics and viral spread within populations, and the time scales over which HIV epidemics occur. Additional theoretical studies relating HIV phylogenies to network structure and transmission processes are needed.
